Background: Caspase-8 signaling can mediate apoptosis or survival depending on the cellular context. Results: Inflamed microglia survive because of caspase-dependent suppression of RIPK1-mediated necroptosis for survival. Conclusion: Caspase inhibition rescues neurons by triggering necroptosis of neurotoxic inflamed microglia. Significance: We demonstrate a novel neuroprotective mechanism of caspase inhibitors, namely killing of neurotoxic microglia by necroptosis.
Inflammation and activated microglia are implicated in the neuronal death and loss occurring in infectious, ischemic, traumatic, and neurodegenerative diseases (1) . Microglia are resident brain macrophages, which become inflammatory activated in response to infection or tissue damage, producing proinflammatory cytokines (such as tumor necrosis factor ␣, TNF-␣), becoming phagocytic, and in some circumstances inducing neuronal death. Numerous mechanisms of neuronal death have been described, including phagoptosis, necrosis, and apoptosis. Phagoptosis is a recently described mode of cell death caused by phagocytosis of otherwise viable cells and can occur progressively in vivo and in vitro when inflamed microglia phagocytose viable neurons that temporarily expose phosphatidylserine due to mild oxidative stress (2) (3) (4) (5) . Necrosis is a type of cell death associated with rupture of the plasma membrane, and can be either "unregulated" or "regulated" (6) . Apoptosis is controlled by the intrinsic or extrinsic pathways. The intrinsic pathway is mediated by Bcl-2 family proteins causing release of cytochrome c from mitochondria leading to activation of caspase-9 via formation of the cytosolic apoptosome complex with Apaf-1. The extrinsic pathway is triggered by binding of death ligands (such as TNF-␣) to death receptors of the tumor necrosis family (TNF), which results in assembly of a receptor-associated complex, allowing activation of the initiator caspase-8. Once activated by their respective upstream signals, caspase-8 and -9 may cleave and activate downstream executioner caspases -3 and -7, which, in turn, cleave a plethora of target proteins resulting in apoptotic death (7) .
Novel non-apoptotic roles for caspase-8 have been described recently. For example, in response to TNF-␣, caspase-8 can play a prosurvival role in complex with binding partner FLIPL (FLICE-like inhibitory protein long). This non-apoptotic caspase-8 activity is required to suppress a necrosis-like death mediated by receptor-interacting protein kinases (RIPK) 2 1 and 3 (8 -10) . The specific RIPK1 inhibitor necrostatin-1 inhibits any necrotic death that is dependent on RIPK1 activity, and this regulated form of necrosis has been referred to as necroptosis or programmed necrosis (6, 9) . Necrostatin-1 was identified as a compound that reduced infarct size in a rodent model of stroke, indicating that necroptosis may contribute to neuronal death following ischemic injury (11) . In addition to suppression of necroptosis, caspase-8 has been demonstrated to be required for inflammatory activation of BV2, a transformed microglial cell line (12) . We were therefore interested to test whether inflammatory stimuli would cause caspase-8 activation in primary microglia and whether such activity would play a role in activation or survival of these cells. Here, we demonstrate that caspase-8 activity is required for the survival of inflammatory activated microglia and that caspase inhibitors can exert a neuroprotective effect by killing neurotoxic microglia by necroptosis.
EXPERIMENTAL PROCEDURES
All experiments were performed in accordance with the UK Animals (Scientific Procedures) Act (1986) and approved by the Cambridge University local ethical committee.
Cell Culture and Treatments-Mixed neuronal/glial cultures were prepared from the cerebella of postnatal day 5-7 rats as described previously (13) and were allowed to mature in vitro for at least 6 days prior to treatment. Pure microglia were prepared from mixed cortical astroglial cultures as described previously (2) . Reagents were procured as follows: lipopolysaccharide (LPS, Sigma), lipoteichoic acid (LTA, InvivoGen), tumor necrosis factor-␣ (TNF-␣, Sigma), Z-
, and GM6001 and necrostatin-1 were from Enzo Life Sciences. Neuronal and microglial cell survival was quantified as described previously (2) . Briefly, live mixed neuronal glial cultures were incubated in culture medium with 1 g/ml propidium iodide (PI) and 5 g/ml Hoechst 33342. Cells with PI-positive nuclei were counted as necrotic, whereas cells with PI-negative but condensed and fragmented nuclei as shown by Hoechst staining were counted as apoptotic. Microglia were visualized with Alexa Fluor 488-labeled isolectin-B4 (1 g/ml, Invitrogen). Anti-TNF-␣ (Abcam) blocking antibody was Fc-blocked with an F(abЈ)2 fragment antibody (Jackson ImmunoResearch Laboratories). The soluble TNF-␣ level was assessed in culture medium using Quantikine Elisa Kits (R&D Systems). Caspase-8 activity was measured using the fluorogenic substrate Ac-IETD-AMC following a protocol from Ref. 14.
Statistical Analysis-Statistical analysis was performed using SPSS software. The normality of data was verified using the Shapiro-Wilk test. In vitro data were analyzed using one-way analysis of variance and post hoc Bonferroni test. Results were considered significant if p Ͻ 0.05.
RESULTS

Inhibition of Caspase-8 Activity Selectively Kills Inflammatory Activated Microglia in Primary Neuronal/Glial
Cultures-We previously demonstrated that microglia can phagocytose live neurons upon induction of inflammatory signals and that caspase inhibitors can prevent this method of neuronal loss, although the exact mechanism of neuroprotection was unclear (2, 13) . Recently, caspase-8 has been found to suppress RIPK1-mediated necroptosis (15) , raising the possibility that caspase inhibitors may induce death of microglial cells following inflammatory activation, thereby sparing the neurons. To test this possibility, we prepared mixed cultures of neurons, astrocytes, and microglia from rat cerebella, and treated cultures with LPS, a Toll-like receptor 4 (TLR4) agonist, to induce inflammatory activation of glial cells. Cultures were stained with Hoechst 33342 and PI to examine viability and Alexa Fluor 488-labeled isolectin-B4 to visualize microglia (Fig. 1A) . After 72 h of LPS treatment, we observed a significant increase in microglial numbers as well as altered morphology indicative of microglial activation (Fig. 1, A-D) . A numbers of astrocytes were unaffected after 72 h of LPS treatment (Fig. 1E ). In the absence of LPS, treatment of cultures with the broad-spectrum caspase inhibitor Z-VAD-fmk had no effect on number or viability of any cell type (Fig. 1, B and E) . However, addition of Z-VAD-fmk to cultures pretreated with LPS resulted in a large increase in the number of PI-positive dead microglia (Fig. 1B) . This finding suggested that caspases were preventing necrosis in the activated microglia. To test which caspases were required for microglial survival in LPS-stimulated cultures, we used two relatively selective caspase inhibitors; DEVD-fmk, which preferentially inhibits caspase-3 and -7, and the caspase-8 inhibitor IETD-fmk. Addition of DEVD-fmk had no effect on microglial survival in the presence or absence of LPS (Fig. 1, A and C) . In contrast, addition of IETD to LPS-treated cultures resulted in almost complete death of microglia ( Fig. 1, A and D) . Of note, cell death induced by caspase inhibition in LPS-treated cultures was restricted to microglia as neither astrocytic nor neuronal viability or numbers were affected in these conditions ( Fig. 1E and data not shown). In sum, the data indicated that in the presence of LPS, inhibition of a select set of caspases, most likely caspase-8, induced death of microglia specifically.
Burguillos and colleagues (12) recently demonstrated that LPS treatment could induce caspase-8 activity in the immortalized microglial cell line BV2. To test whether this occurred in primary cells, we prepared cultures of pure microglia from rat cortices and then made cell extracts following LPS treatment to test for caspase-8 activity using the specific fluorogenic substrate IETD-AMC (12) . Indeed, LPS treatment induced a 2.6-fold increase in IETDase activity in extracts from pure microglia ( Fig. 1F ), similar to that previously reported using the BV2 cell line (12) . The IETDase activity was inhibited by nanomolar concentrations of the inhibitor IETD-CHO, whereas increased DEVDase activity extracted from apoptotic UV-treated microglia was not inhibited by IETD-CHO (data not shown), indicating that increased IETDase activity indeed reflected increased caspase-8 activity and not activity of caspase 3/7. Importantly, a short 2-h incubation of LPS-treated microglia with Z-VADfmk prior to measurement was sufficient to inhibit the IETDase activity induced by 24-h stimulation with LPS (Fig. 1F) . Thus, LPS activated caspase-8 in microglia, and this activity was inhibited by both IETD and Z-VAD.
The above data indicated a prosurvival role for caspase-8 activity following stimulation of microglia with the TLR4 ligand LPS. We next tested whether a similar response occurred in microglia activated by other proinflammatory stimuli. In addition to TLR4, the Toll-like receptor family member TLR2 has been implicated in the pathogenesis of inflammatory neurodegenerative processes (13) . We tested whether TLR2 ligation would induce a similar response to LPS using the TLR2 ligand LTA. Following pretreatment of cultures with LTA for a 24-h addition of Z-VAD for a further 24 h resulted in the death of almost all microglia, whereas astrocytes were not affected (Fig.  1, H and E) . We also tested TNF-␣ as a proinflammatory stimulus as its levels are elevated in many brain pathologies (16) .
Addition of TNF-␣ to mixed cultures had little effect on microglial numbers or viability alone; however, TNF-␣ pretreatment for 24 h followed by addition of Z-VAD for 24 h killed most microglia in culture (Fig. 1G) . In addition, a significant 2-fold induction of IETDase activity was detected in cell extracts prepared from pure microglia following TNF-␣, which was inhibited by further addition of Z-VAD (Fig. 1F) . Thus, our data indicate that prosurvival caspase-8 activity was induced in microglia stimulated by a TLR4 ligand, a TLR2 ligand, and TNF-␣.
TLR Ligation Induces Prosurvival Caspase
Signaling Independently of TNF-␣ Signaling-Inflammatory activation of microglia with TLR ligands such as LPS and LTA results in the release of soluble TNF-␣ into the surrounding medium (2). As we also observed that treatment with TNF-␣ alone was capable of inducing the prosurvival caspase activity, we postulated that the LPS-and LTA-induced effects were secondary to TNF-␣ release and binding to microglia. To test whether TLR signaling could induce prosurvival caspase activity independently of Microglia were treated for 48 h with 100 ng/ml LPS and then for a further 24 h with indicated caspase inhibitor before quantifying death. Data are means Ϯ S.E. of % dead microglia (n ϭ 3). E, astrocytes are not killed by caspase-8 inhibitors and inflammatory activation. Astrocytes were quantified by nuclear morphology following the same treatments as described in B-D. LTA was used at 50 g/ml, TNF-␣ was added at 50 ng/ml. Data are means Ϯ S.E. (n ϭ 3). F, Z-VAD inhibits LPS-and TNF-␣-induced IETDase cleavage activity in pure microglia. Pure microglia were treated with LPS or TNF-␣ for 24 h followed by 2 h in the presence of Z-VAD (50 M). IETDase activity was then measured in cell extracts. Data represent mean Ϯ S.E. (n ϭ 4) . G and H, TNF-␣ and LTA treatment render microglia susceptible to Z-VAD-induced necrotic death (n ϭ 3). NS, not significant. * ϭ p Ͻ 0.05, ** ϭ p Ͻ 0.01, *** ϭ p Ͻ 0.001.
TNF-␣, we used GM6001, a matrix metalloprotease and TNF-␣ converting enzyme inhibitor shown previously to prevent TNF-␣ processing and release (17) . Although pretreatment of cultures with GM6001 prevented TNF-␣ release following LPS treatment (Fig. 2B) , it did not prevent microglial death induced by Z-VAD in LPS-and GM6001-treated cultures ( Fig. 2A) . Furthermore, although a TNF-␣ blocking antibody prevented Z-VAD-induced microglial death in cultures treated with recombinant TNF-␣, it did not prevent the microglial death in cultures treated with LPS and Z-VAD, despite the fact that LPS induced release of TNF-␣ at lower concentrations than that of recombinant TNF-␣ added in our experiments (250 -300 pg/ml TNF-␣ release following LPS versus 50 ng/ml recombinant TNF-␣ added) (Fig. 2, B and C) . We conclude that although TNF-␣ signaling is sufficient to induce a prosurvival caspase response in microglia, TNF-␣ release is not required for LPS to trigger a similar response.
Caspase Inhibition Kills Inflammatory Activated Microglia by RIPK1-dependent Necroptosis-Recently, a number of studies have demonstrated a prosurvival role for caspase-8 activated by the TNF-␣ receptor or TLR3 (15) . Caspase-8 in "survival mode" has been demonstrated to suppress a novel form of necrotic death, termed necroptosis, by suppressing the pronecrotic action of RIPK1. Necroptosis is specifically defined in molecular terms as a form of regulated necrosis, which is dependent on RIPK1 activity, and as such, is inhibitable by compounds that inhibit RIPK1 kinase activity such as necrostatin-1 (6). Necrostatin-1 was first discovered in a screen for regulators of necrotic death, and its death inhibiting activity is wholly dependent on inhibition of RIPK-1 activity (9, 11, 28) . As shown in Fig. 1A , we found that microglia killed by caspase inhibition, and inflammatory stimuli were always PI-positive (Fig. 1A) , indicating necrosis, particularly as Z-VAD inhibits apoptosis, and thus, PI-positive cells were unlikely to appear due to secondary necrosis following apoptosis. To test whether inflammatory activated microglia died by RIPK1-dependent necroptosis following caspase inhibition, we tested the effects of the inhibitor of RIPK1, necrostatin-1. Cultures were stimulated with LPS or TNF-␣ for 24 h prior to addition of necrostatin-1 (30 M), and then 1 h later, caspase inhibitors were added. Remarkably, necrostatin-1 treatment almost completely prevented Z-VAD-induced microglial death in LPS-treated cultures (Fig. 3A) . In addition, necrostatin-1 also prevented IETD-induced death of LPS-activated microglia (Fig. 3B) . Interestingly, we found that IETD, in contrast to Z-VAD, induced a low but consistent amount of microglial death in unstimulated cultures, which was also completely rescued by necrostatin-1 treatment (Fig. 3, B and D) . This low level of necroptosis induced by IETD may reflect a low level activation of microglia in unstimulated cultures. Necrostatin-1 treatment was also sufficient to inhibit caspase inhibitor-induced microglial death in TNF-␣ stimulated cultures (Fig. 3, C and D) . Furthermore, we tested an inactive analog of necrostatin-1, necrostatin-1I, which does not inhibit RIPK1 or necroptosis in other settings (28) . In contrast to necrostatin-1, necrostatin-1-I was unable to protect microglia against LPS-and Z-VAD-induced death, further supporting the finding that caspase inhibitor induced death of activated microglia was indeed executed by necroptosis (Fig. 3E) . We conclude that both LPS and TNF-␣ induce prosurvival caspase-8 signaling in microglia that acts by suppressing RIPK1-dependent necroptosis.
The Neuroprotective Effect of Caspase Inhibitors in a Model of Inflammatory Neurodegeneration Is Mediated by Inducing Necroptosis of Microglia rather than Direct Inhibition of Apoptosis in Neurons-
We next tested whether caspase-dependent neuroprotection in a model of inflammatory neurodegeneration might be dependent on necroptotic killing of microglia rather than via direct protective effects on neurons. We have previously described microglial-dependent neuronal death in vitro and in vivo that is triggered by a number of proinflammatory stimuli, including LPS, LTA, and A␤ peptide, with neuronal death occurring between 48 -72 h after addition of the inflammatory stimulus (2) (3) (4) (5) . Interestingly treatment with either Z-VAD or IETD prevented microglial-mediated death of neurons induced by LPS treatment (Fig. 4, A and B; for microglial data from these experiments, see Fig. 1, B and D) . In contrast, the selective caspase-3 and -7 inhibitor DEVD did not prevent LPS-induced primary phagocytosis, correlating with the fact that it did not induce microglial death in LPS-activated cultures (Figs. 1C and 4C) . Remarkably, necrostatin-1 rescue of microglia from Z-VAD-induced necroptosis was sufficient to restore neuronal loss following 72 h of LPS treatment (Fig. 4, D  and E ). These data demonstrate that caspase inhibitors can exert a neuroprotective effect by inducing necroptosis of microglia.
DISCUSSION
We have found that inhibition of caspase-8 causes necroptosis in inflammatory activated microglia but not in neurons, astrocytes, or unactivated microglia. In a disease model where inflamed microglia exert a neurotoxic action, caspase-8 inhibition was sufficient to cause neuroprotection in a manner dependent on necroptosis of microglia. We considered the possibility that inhibition of caspase-8 might in principle protect neurons from inflammatory neuronal loss by either by blocking inflammation in the glia, blocking death in the neurons, or inducing death in the microglia. However, we show that inflammatory activation was not impeded by the caspase inhibitors that induced necroptosis, as the amount of LPS-induced inflammation measured by TNF-␣ in the culture medium (Fig.  2B) was not reduced. Moreover, we added the caspase inhibitors 24 -48 h after adding the LPS specifically to avoid blocking prior to inflammatory activation. Most importantly, we found that necrostatin-1, which prevented necroptosis of the microglia, fully restored the neuronal loss prevented by caspase inhibition. We have previously shown that specifically killing microglia (with leucine methyl ester) prevents LPS and LTA induced neuronal loss in the model used here (2, 5) . Thus, we conclude that by killing microglia, caspase inhibition is sufficient to prevent inflammatory neuronal loss in this model.
Administration of the relatively caspase-3/-7 specific inhibitor DEVD-fmk was not sufficient to kill inflammatory activated microglia. In addition, we reported previously that the caspase inhibitor boc-aspartyl(OMe)-fluoromethylketone inhibited etoposide-induced apoptosis in neurons but did not affect microglial activation, proliferation, or survival following addition of LPS and thus did not prevent LPS-induced neuronal loss (4) . In contrast Z-VAD-fmk and IETD-fmk, both of which prevented an increase in caspase-8 IETDase activity in activated microglia, induced necroptosis of activated microglia. Together, these data support the conclusion that inhibition of caspase-8 activity (rather than caspase-3/-7) is required to induce necroptosis of inflamed microglia and raise the intriguing possibility that further development of caspase family member-specific inhibitors may allow selective modulation of neuronal death or inflamed microglial survival in vivo.
It was recently demonstrated that LPS activates microglia via caspase-8, and it was concluded that inhibition of caspase-8 blocks inflammatory microglia-mediated neurotoxicity by preventing inflammatory activation of microglia (12) . Interestingly, in contrast to our findings, Burguillos et al. (12) did not note any microglial death in response to caspase-8 inhibition. However, they were using a microglial cell line, BV2, rather than primary microglia, and we have repeated our experiments in BV2 cells and find that caspase-8 inhibition does not induce death in LPS-activated BV2 cells (data not shown). This difference might be the result of BV2 transformation by v-myc and v-raf or other genetic changes. In vivo, caspase-8 inhibition protected neurons in a MPTP model of Parkinson disease and reduced the density of activated microglia. This finding is compatible with caspase-8 inhibition causing necroptosis of microglia (12) . Burguillos et al. (12) also reported that caspase-8 was activated in microglia from patients with Alzheimer and Parkinson disease, supporting the possibility that caspase-8 inhibition might be beneficial in these neurodegenerative diseases.
Caspase-8 inhibition by IETD has been shown to be protective in vivo against the delayed neuronal loss that occurs after focal cerebral ischemia in rats (a model of stroke) and also to reduce tissue damage following hypoxicischemic brain injury in newborn rats (18, 19) . We have shown here that the caspase inhibitor Z-VAD can induce necroptosis of inflamed microglia by caspase-8 inhibition, and indeed, this inhibitor has been shown to reduce neuronal loss in a number of stroke models (11, 20 -22) . In addition the pan-caspase inhibitor Q-VD-OPh can also inhibit caspase-8 and exert neuroprotective effects in a number of neurodegenerative disease models (23) . The mechanisms by which these caspase inhibitors exert neuroprotective effects merits further investigation given the recent findings of Burguillos et al. (12) and those presented in this paper.
We and others found that LPS, LTA, and TNF-␣ caused limited caspase-8 activation in microglia without inducing microglial apoptosis (12) . In certain cell lines, LPS can activate caspase-8 via TLR4 recruitment of TRIF (TIR-domain containing adapter-inducing interferon-␤), and TRIF recruitment of RIPK1 to form a complex with FADD, which recruits and activates procaspase-8 (24) . Under these conditions, inhibition of caspase-8 results in the formation of an alternative complex (IIb) containing at least RIPK1 and RIPK3, which triggers necroptosis, and this can be prevented by necrostatin-1, which blocks the kinase activity of RIPK1. Active caspase-8 can cleave RIPK1 to block its activity (25) and cleave the deubiquitinase CYLD to block its activation of RIPK1 (26) . TLR3 ligation in the presence of suppressors of cIAP activity results in recruitment and activation of a preformed cytosolic complex containing caspase-8 and RIP1K, termed the ripoptosome, which is capable of inducing both apoptotic and necroptotic death (27) . Thus, it is possible that ligation of TLR2 and TLR4 in microglia may result in engagement of a ripoptosome-like complex, whereupon caspase-8 inhibition deinhibits RIPK1, allowing necroptosis to occur (Fig. 5) .
In conclusion, caspase-8 inhibition protects neurons in a model of inflammatory neuronal loss by specifically killing activated microglia by enabling necroptosis. It will be important to test whether caspase-8 inhibition is protective in vivo in models of neurological disease by similar mechanisms.
